The study examined quantitatively the effects of soil moisture on embryonic development and egg mortality of a nondiapause strain of Melanoplus sanguinipes (Fabr.) With the type of soil used, a silty clay loam, a minimum soil moisture of ca. 13.5%, a little above the wilting point (11.7%), was necessary for eggs to complete development and hatch without experiencing any stress. This level of soil moisture was absolutely critical before blastokinesis. Embryonic development could proceed from oviposition until completion of anatrepsis at a soil moisture less than 13.5%. However, no further development would take place if this stress was not released by a higher level of moisture (^ 13.5%). The rate of development after release of stress decreased as a function of the duration of moisture stress. A model based soil moisture and heat accounted for a maximum of 99% of the variance in hatching. An exponential decay curve was developed for the rate of egg mortality as a function of soil moisture to which they were exposed. This relationship explained 83% of the variance in the rate of mortality.
ABSTRACT
The study examined quantitatively the effects of soil moisture on embryonic development and egg mortality of a nondiapause strain of Melanoplus sanguinipes (Fabr.) With the type of soil used, a silty clay loam, a minimum soil moisture of ca. 13.5%, a little above the wilting point (11.7%), was necessary for eggs to complete development and hatch without experiencing any stress. This level of soil moisture was absolutely critical before blastokinesis. Embryonic development could proceed from oviposition until completion of anatrepsis at a soil moisture less than 13.5%. However, no further development would take place if this stress was not released by a higher level of moisture (^ 13.5%). The rate of development after release of stress decreased as a function of the duration of moisture stress. A model based soil moisture and heat accounted for a maximum of 99% of the variance in hatching. An exponential decay curve was developed for the rate of egg mortality as a function of soil moisture to which they were exposed. This relationship explained 83% of the variance in the rate of mortality.
Decision-making processes for grasshopper control depend on the accuracy in estimating the time course of hatching of egg populations. The process of hatching is a function of temperature history, i.e., sustained high heat normally ensures maximum prediapause development in the fall. Exceptions occur when a critical deficiency in soil moisture suspends egg development. Early spring hatching is the result of advanced embryonic development the preceding fall. High populations and economic damage both have been associated with early hatching (Pickford 1960 (Pickford , 1972 . Late hatching, however, is detrimental to population growth because these individuals lay their eggs later in the season and their eggs develop less in the fall.
The eggs of many insects that are deposited in the soil must absorb water during embryogenesis (Browning 1968 , Edney 1957 . The egg stage, in which grasshoppers spend the greater part of their life, may be subjected to extreme conditions of soil moisture. Water uptake has been studied in eggs of a number of grasshopper species (Salt 1949 , 1952 , Schulov 1952 , Hunter-Jones 1964 , Pickford 1975 , but no work has been done to quantify effects of soil moisture on embryonic development and hatching in relation to a soil type. Gage et al. (1976) developed a model for estimating hatch of grasshopper eggs based on heat. This model generates realistic predictions in the absence of a soil moisture deficit. Although there was indirect effect of soil moisture deficit built into the model, it was not realistic for predicting hatch under severe drought conditions. This paper provides a quantitative evaluation of the effects of soil moisture on embryonic development and egg mortality of Melanoplus sanguinipes (Fabr. hatching and mortality using both heat and soil moisture.
MATERIALS AND METHODS
The eggs used in all experiments were obtained from a non-diapause strain of M. sanguinipes (Pickford and Randell 1969) . Eggs of this strain have proven exceedingly useful in experimental work because of the relatively rapid assessment of results that may be made compared to the wild strain which requires a long period of refrigeration to break egg diapause. Soil moisture levels of 6, 8, 10, 12, 13.5, 15 , and 20% were used for various experiments. Soil was kept at these moisture levels in 3.3Xl.0-cm petri dishes sealed with parafilm, at 3O°±O.5°C. Preliminary tests were carried out every 2nd day for a month to determine any change in the original level of moisture; the changes were negligible.
Egg pods were retrieved from laboratory cages within 24 h of oviposition. Six to 10 egg pods were used at each moisture level in each experiment. Individual egg pods were buried in soil containing each of the 7 levels of moisture in petri dishes and sealed with parafilm to prevent loss of moisture. In the 1st series of experiments, egg pods were kept in 13.5, 15, and 20% soil moisture until hatched. Pods kept in 6, 8, 10, and 12% soil moisture were transferred to 15% at 144 (4th day), 324 (9th day), 720 (20th day), and 1080 (30th day) degree days. In the 2nd series of experiments, egg pods were 1st kept in 15% soil moisture and thereafter transferred to 12, 10, 8, and 6% at 180 (5th day) and 396 (11th day) degree-days. These 2 series of experiments were carried out at a temperature of 3O°±O.5°C. The 3rd series of experiments consisted of egg pods exposed to only 15 and 12% soil moisture at 25°±1°C, and were continued until hatch occurred or development stopped. On the 1st day of each experiment, and subsequently on every 2nd day, 3 eggs were separated carefully from each of 3 egg pods maintained in each of the moisture 184 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA [Vol. 71, no. 2 levels, cleaned with a camel hair brush and weighed in semi-micro balance. Thereafter these eggs were kept individually in shell vials with turpeneol for later determination of embryonic development on a percentage basis, as outlined by Moore (1948) . To determine mortality, 3 other egg pods were kept whole until the experiment was over. The remaining egg pods were used if the eggs in the 1st 3 pods were exhausted before the termination of the experiment. On every 2nd day, the soil in all petri dishes was replaced from the stock with fresh soil, having the same initial moisture level.
The standard error of the mean of each measurement derived from each experiment was 5% or less. Degree-days were computed above the base of 50°F (10°C) (Gage et al. 1976) .
Soil used from Pobrans farm, east of Saskatoon, was a silty clay loam containing 27.8% sand, 52% silt and 20.2% clay. Air dried soil was mixed with water and screened until the desired moisture content as measured on a soil-moisture balance was obtained. Soil was stored in tightly closed plastic bags for 48 h before a final moisture determination. The water content of the soil was expressed as a percentage on a dry weight basis. On every 2nd day, 1 sample of soil was examined from each plastic bag and the water content was adjusted to the original level if it changed more than 0.2%.
The moisture retention characteristics of the soil and the relation of soil air humidity to soil moisture was determined as outlined by Doane (1968) . The percentage water content of the soil at field capacity was 25.67 and at the wilting point was 11.74. Moisture absorption (wetting) and loss (drying) curves were developed for 80-mesh soil at 25°±1°C (Fig. 1) using humidity chambers (Doane and Allan 1968) and saturated salt solutions. Fig. 1 also shows the relationship between percentage soil moisture and soil moisture tension (pF) as derived from the formula pF = 6.5 + log ( 2 -2 log RH) (Schofield 1935) .
RESULTS
Influence of Soil Moisture on Embryogenesis.-Development of M. sanguinipes embryos and the concurrent changes in the egg are controlled by both temperature and soil moisture. The information sought here was the moisture requirement of the egg as it developed from oviposition until hatching.
Linear relationships were evident when embryonic development was plotted against cumulative degreedays (>50°F) from oviposition to hatch at the 13.5, 15, and 20% soil moistures yielding slopes of 0.001466, 0.001503, and 0.001554, respectively. A test of homogeneity revealed that these slopes did not differ significantly (P > 0.05) from each other. The combined data indicated the rate of development per degree-day was 0.001501 ( Fig. 2A ). At these levels of moisture, eggs developed continuously until hatch without showing any sign of arrested development. To determine the importance of soil moisture for embryonic development, experiments were carried out at moisture levels lower than 13.5%, namely, 12. 10, 8, and 6%; eggs were exposed to each of these levels of moisture for various lengths of time. Results showed that there was no significant difference (P > 0.05) in developmental rates among eggs at levels for moisture below 13.5%. However, rates were different when eggs were exposed for various lengths of time at any of the 4 lower moisture levels below 13.5%. development based on combined data and degree-days when eggs were exposed to any of the levels of moisture from 6-12% for 144 degree-days and then moved to 15% moisture. Although the rate of development, 0.001412/degree-day. was significantly (P < 0.05) lower than 0.001501 obtained under the optimum moisture conditions, the relationship was linear and eggs developed continuously until hatch (Fig. 2B ). When this exposure period was extended to 324 degree-days at 12% or less soil moisture and eggs were then transferred to 15%. the rate of development (0.001155) decreased further (P < 0.01) but still maintained linearity as a function of degree-days (Fig. 2C) . When the exposure period was extended to 720 degree-days at a moisture level below 13.5%. development could not proceed continuously until hatch. Embryonic development stopped after completion of anatrepsis (50% development) and eggs did not develop further until this stress from soil moisture deficit was removed. Embryonic development was a linear function of degree-days where the developmental rate per degree-day was 0.000871 (Fig. 2D) . Note, however, that this relationship would be unrealistic for the prediction of embryonic development beyond 50%.
When these eggs were transferred to 15% soil moisture at 720 degree-days to remove stress, development continued linearly until hatch as a function of heat, the rate being 0.001085/degree-day (Fig. 2D) . To determine the effect of longer exposure to moisture stress on the rate of egg development, eggs were exposed to a soil moisture below 13.5% and the stress was released at 1080 degree-days. The results showed that eggs developed at a lower rate, 0.000819/ degree-day, than that when the exposure period to stress was less (Fig. 2D) .
Eggs exposed to 15% soil moisture after oviposition and then transferred to 1 of the 4 moisture levels below 13.5% at 180 degree-days did not develop beyond 50%. However, those that were transferred to a moisture deficit at 396 degree-days developed at a rate of 0.001425/degree-day until hatch. Evidently, these eggs completed blastokinesis and the imposed stress could not stop development completely. At 25°C. when eggs were exposed to optimum and stress conditions of soil moisture, it was evident from the data that the rate did not differ significantly (P > 0.05) from that at 30°C when embryonic development was considered as a function of heat.
[Vol. 71, no Influence of Soil Moisture on Egg Survival.-Egg survival depends on various factors, one of which is the degree and duration of soil moisture stress and the age of embryo when stress occurs. In this investigation, a mortality rate per degree-day was derived from the total mortality during the period eggs were exposed to a particular moisture level, divided by the accumulated heat during that period. Fig. 3 shows a negative exponential relationship between mortality of eggs per degree-day and soil moisture to which they were exposed. Although the rate of embryonic development did not differ in any of the moisture levels below 13.5%, the mortality rate was always higher as the moisture level decreased due to higher desiccation under such a moisture deficit.
Application of the Model.-To predict embryonic development and hatch, information on soil moisture and heat must be available. As mentioned previously, a moisture of 13.5% and above with the soil type used here is necessary for development to proceed from oviposition until hatch without delay. Prediction of development and hatch under such conditions can be made using the equation, Y = 0.001501 X, where X = cumulative heat above 50°F (10°C) and Y = fraction of embryonic development. When the soil moisture is below 13.5% from oviposition until accumulation of 495 degree-days, embryogenesis will proceed only up to 50% of development. In this case, the equation, Y = .0666 + .00087IX must be used. It has already been shown that the rate of development following stress changes as a function of the duration of stress. To develop a relationship between rates of development and accumulation of heat during the period eggs have undergone moisture stress, the rates of 0.001412, 0.001155, 0.001085, and 0.000819 were plotted against heat units of 144, 324, 720, and 1080 degree-days respectively (see Fig. 2 ). Fig. 4 (top) shows the relationship between developmental rate and duration of stress to be inversely proportional. From the regression equation, Y = 0.001433 -5.65 X 10' 7 X, a rate of embryonic development (Y) can be calculated as a function of the heat accumulated (X) during the period eggs are exposed to stress. Each of the above slopes used here to derive the relationship has an intercept value (see Fig. 2 ). To generate an equation for prediction of embryonic development when eggs have undergone stress, an intercept value as a function of the predicted rate of development has to be calculated. This relationship is shown in Fig. 4 (bottom 1 gives a summary of the comparisons of predicted and observed embryonic development when eggs were exposed to stress for various lengths of time; the slopes did not differ significantly from unity. Rate of egg mortality can also be calculated from the equation, Y = 0.0015e-
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, where X is the soil moisture to which eggs are exposed and Y is the rate of mortality. Total mortality can be computed by multiplying the rate by accumulated heat during which eggs are exposed to a particular soil moisture (Fig. 3) .
Soil Moisture and Water Absorption.-Water absorption by eggs on the amount of available moisture present in the soil and the stage of embryonic development. In this study, the increase in weight of an egg was assumed to equal water uptake (Bodine 1929 , Salt 1952 , Pickford 1975 . Eggs absorbed water without difficulty from soil wetted to 13.5% moisture or above. Fig. 5A shows the pattern of water absorption as a function of heat at 13.5% soil moisture. A similar pattern was obtained at 15 and 20% soil moisture. The results showed that eggs absorbed very little or no water up to ca. 140 degree-days. This was followed by a sharp increase in water uptake up to 365 degree-days when 80% of the total intake was completed. It was also evident that most of the absorption took place by 475 degree-days and thereafter declined until hatch.
The water-absorption phenomena described above allow continuous and maximum absorption under optimum moisture conditions. Experiments also were carried out at soil moisture deficits of 12, 10, 8, and 6% for various lengths of time. There was no water uptake by eggs at each of the 4 soil moisture levels but absorption did start when the eggs were transferred to 15% soil moisture. Fig. 5B shows the pattern of absorption when eggs were exposed to 12% soil moisture and the stress was released at 1080 degree-days. Basically the pattern was similar to Fig. 5A but the total absorption was about 25% less. However, the heat accumulation from initiation of absorption to its completion under both optimum and stress conditions was ca. the same (325 degree-days). Fig. 5 (bottom) shows functional relationships between the rate of absorption and embryonic development under both optimum and stress conditions. The rates of water absorption under such conditions were derived by differentiating the amount of water uptake by eggs at the interval of 10 degree-days until the rate became zero. Under both optimum and stress conditions, rates of absorption were maximum at the beginning of water uptake but gradually decreased as embryogenesis progressed. The rate was higher at the 50% stage of development under stress than it was under optimum conditions. However, the rates reached zero before the eggs attained 80% development under both soil moisture conditions.
DISCUSSION
From the various experiments conducted during this study, it is possible to construct a composite picture of embryonic development of M. sanguinipes (Fig. 6) . With the type of soil used, a minimum soil moisture of ca. 13.5% is necessary for eggs to complete development from oviposition until hatching without experiencing any delay. This level of soil moisture is absolutely critical before blastokinesis. Embryonic development can proceed from oviposition until completion of anatrepsis at a soil moisture less than 13.5%. However, no further development will take place if this stress is not released by a higher level of moisture (^ 13.5%). Salt (1952) observed a similar phenomenon in M. bivittatus (Say) : lack of sufficient water during anatrepsis induced a sort of diapause that in effect was a block to blastokinesis. If eggs of M. sanguinipes experience deficit in moisture after the completion of blastokinesis, embryonic development does not stop but proceeds at a slower rate as compared to that when eggs are not exposed to any moisture stress.
The physical characteristics of the soil, used in the present study, show that the pF values at wilting point (11.74% soil moisture) and at field capacity (25.67% soil moisture) are 4.00 and 1.96, respectively. The pF value at the moisture threshold for embryonic development (13.5% moisture) is 3.65. The suction force generated by eggs in soil at pF 3.65 was apparently great enough to remove water from the soil but was not sufficient to do so at pF 4.00. The ability of eggs to absorb water and their failure to do so depend on an extremely narrow range in soil moisture. Therefore, the soil moisture tension and lack of contact moisture appear to be the main factors preventing water absorption at or slightly above the wilting point. Salt (1952) mentioned that eggs of M. bivittatus can not absorb water unless contact water is available. Fig. 1 shows that the soil contained ca. 10% moisture at equilibrium with 98% RH. Contact water is not available to eggs until the soil air relative humidity reaches saturation. Although this point of saturation is difficult to establish precisely because even small temperature changes near 100% RH would result in cyclic condensation (Schein 1964) , it is close to the wilting point. Water absorption and subsequent development of eggs can not take place at or just above the wilting point but these processes can proceed in soil containing 1.8% higher moisture than wilting point. Therefore, the wilting point may be a very useful reference for moisture requirement by eggs to develop without delay in different soil types.
The study indicates that under the optimum condition of soil moisture, water intake by eggs of M. sanguinipes occurs primarily during anatrepsis and at the beginning of blastokinesis. This uptake follows the same general pattern as that of other acridids like M. bivittatus (Salt 1949 ) Schistocerca gregaria (Forsk) (Hunter-Jones 1964) . However, other species show different patterns of water intake. For example, eggs of M. differentialis (Uhler) absorb most of the water during katatrepsis (Slifer 1938) ..
Our study reveals that water intake is not absolutely necessary during anatrepsis for embryonic development to proceed and, in fact, there is no absorption if eggs experience soil moisture deficit during anatrepsis. , In this situation, water absorption mainly occurs at the beginning of blastokinesis and partly during katatrepsis. It is interesting to note that the amount of heat accumulation during the period from initiation to completion of water absorption in eggs is the same under both optimum and stress conditions.
The change in water uptake for many insect eggs, if plotted against time, forms generally a sigmoidal curve (Edney 1957 , Doane 1969 , Krysan 1976 , Salt 1949 . In the present study, this is not the case. Water absorption does not take place right from the beginning of anatrepsis, and there may even be some loss of water during that time. Furthermore, there is always some water loss at the end of embryogenesis prior to hatching. Because of these peculiarities, parabolic curves were fitted to the data (Fig. 5 ) ignoring whether there was any water absorption or loss at the beginning of anatrepsis.
Egg mortality is dependent on the rate of desiccation under a certain prevailing soil moisture condition. Salt (1952) reported that, in M. bivittatus, changes in desiccation rates are only indirectly related to embryonic age. He found that most M. bivittatus eggs, regardless of age, survive if the loss of their moisture content does not exceed one-third of the total; however, few survive if the loss is more than two-thirds. In the present study, no attempts were made to establish a relationship between mortality and water loss in eggs or to examine any relation between age of eggs and water loss. A relationship was obtained between avg rate of mortality and soil moisture, the rate being derived from the total mortality that occurred when eggs were exposed to various moisture levels for different lengths of time.
A number of broad assumptions have to be made when applying the model developed here to a real situation with field populations. Because validity of these assumptions has a direct bearing in obtaining realistic predictions of embryonic development and hatching of natural grasshopper egg populations, it seems logical to examine the main ones. As the present study was done on a non-diapause strain of M. sanguinipes, question might arise whether there is any difference in water uptake by eggs between nondiapause and diapause strains of the species or how this species differs from other major prairie species, namely M. bivittatus and Camnula pellucida (Scudder). It seems, from previous works (Salt 1949 , 1952 , Pickford 1975 . that there is considerable generality among the species in water absorption for embryogenesis; access to moisture is not essential during most of anatrepsis but becomes extremely critical just before and during blastokinesis. In Mclanoplus species, eggs do not enter diapause until the embryo reaches ca. 80% of development; however, C. pellucida embryos enter diapause before blastokinesis at 50% of development (Moore 1948 ). Therefore, one major difference between Mclanoplus species and C. pellucida is that water absorption is absolutely necessary for the latter after termination of diapause in the spring, whereas for the former, this is not so. The only other concern is if the moisture threshold for water uptake is different in different species. To determine this, further studies are needed.
Our study was based on a particular soil type. There are various soil types throughout the province of Saskatchewan. The soil moisture tension is bound to be different with various soil types and, as a consequence, moisture threshold for water uptake by eggs of grasshoppers will also be different. We intend to carry out additional studies on this aspect to refine our present model.
